Si 1Ϫ(xϩy) Ge x B y strained layers on Si ͑xр3.4%, yр0.4%͒ have been analyzed by Raman spectroscopy. Stress in the layers has not been observed to affect the Fano interaction parameters of the first-order Si-Si Raman line. These parameters have been determined in the range of B concentrations from 5ϫ10
I. INTRODUCTION
The most used way to obtain etch-stop layers in silicon is doping with a high concentration of boron ͑above 7ϫ10 19 cm Ϫ3 ͒ the area where the etch has to be stopped.
1-3 High-Bdoped Si shows very good etch selectivity in anisotropic etchants, such as KOH, tetramethyl ammonium hydroxide ͑TMAH͒, or ethylenediaminepyrocatechol ͑EDP͒, and etchrate selectivities of the order of 5000 in relation to undoped Si can be achieved. 4, 5 However, in some cases the strain induced by the boron in the Si lattice constitutes a problem. This is especially critical for the obtention of silicon-oninsulator ͑SOI͒ structures by bonded and etch-back technology ͑known as BE SOI͒. 6 In this case, stress in the SiB etch-stop layer induces the generation of misfit dislocations in the epitaxial Si layer grown on the etch-stop one, which will constitute the top Si layer in the final structure. To avoid this problem, stress in the etch-stop layer has to be compensated. For this, an interesting approach is the addition of germanium. 4, 7 SiGeB epitaxial layers are, thus, interesting in Si technology because of their etch-stop properties.
These Si 1Ϫ(xϩy) Ge x B y layers are characterized by relatively low values of x and y, B content being typically below 0.4% and Ge content below 3%. For this low Ge content, Ge does not measurably alter the etching characteristics of the SiGeB layer, and etching selectivity is caused exclusively by the high boron concentration. This contrasts with the use of SiGe etch-stop layers, where Ge concentrations as high as 30% are required. 5 Furthermore, expensive molecular-beamepitaxy ͑MBE͒ fabrication processing is required for the obtention of such layers, and the etch selectivity is much smaller than that obtained with boron. Moreover, misfit generation occurs due to strain relaxation.
Nevertheless, in spite of the use of these SiGeB layers in the BE-SOI technology, an accurate and precise on-line control of the remaining stresses has not yet been achieved. In a general way, this might constitute a problem for the practical application of these layers. Remaining stress in the layers is usually determined by high-resolution x-ray-diffraction ͑HRXRD͒ measurements; however, this technique presents problems for very low stress values, close to stress compensation. Moreover, for very thin layers, the HRXRD signal has to be deconvoluted from the substrate contribution.
Raman scattering is another well-known nondestructive technique which can be used for the stress assessment of these layers. The first-order Si Raman line ͑centered at about 520 cm
Ϫ1
͒ is sensitive to the presence of stress. 8 Raman scattering has potential advantages over HRXRD, as in this case the measurement is performed in a surface region with a thickness determined by light absorption in the material. By selecting the excitation wavelength, a suited penetration depth can be achieved, avoiding the substrate contribution. Moreover, by the use of a micro-Raman spectrometer, high lateral resolution-below 1 m-can be achieved in addition to depth resolution.
On the other hand, the analysis of the Raman spectra can also provide information on the composition of the SiGeB layer. The shape of the first-order Si Raman line is strongly affected by the presence of a high level of boron concentration ͑у10
19 cm Ϫ3 ͒. [9] [10] [11] This is due to the existence of a Fano-like interaction. The fitting of the Raman spectra allows us to determine the Fano parameters. The knowledge of these parameters gives a way to determine the boron concentration in the layer, as the main Fano parameters are strongly dependent on the boron content. 4 rules out any influence of structural defects on the Raman spectra. Then, the remaining shift in the spectra after their deconvolution according to the Fano interaction is determined by the stress and chemical composition of the layers. According to the obtained data, Raman spectroscopy is proposed for the nondestructive assessment of both stress and chemical composition in strained Si 1Ϫ(xϩy) Ge x B y layers, in the range of compositions xр3.4%, yр0.4%.
II. EXPERIMENTAL DETAILS
SiGeB layers were grown by low-temperature rapid thermal chemical-vapor deposition ͑RTCVD͒ on ͑100͒ Si wafers. The nominal thickness of these layers was 1.1 m, and the range of Ge and B concentrations has been selected in agreement with those needed for etch-stop applications, including samples with compressive and tensile stress. Three different nominal Ge concentrations have been studied: 1.1%, 2.0%, and 3.3%. For each Ge concentration, layers with five different boron concentrations ͑between 5ϫ10 19 and 2ϫ10 20 cm Ϫ3 ͒ were grown. The final Ge content and layer thickness has been determined by Rutherford backscattering ͑RBS͒. Stress in the samples was measured from the change in the deflection curvature of the Si substrate after deposition. Figure 1 shows the stress measured in the layers as a function of the boron content for the different Ge concentrations. As is shown, for a given Ge concentration the stress depends linearly on the boron content. Moreover, stress also shows a linear dependency on the Ge content. This is the behavior which was to be expected, according to Vegard's law.
The different layers studied in this work are listed in Table I , together with their thickness and Ge and B content. As is shown in this table, layers with low boron concentration ͑5ϫ10 16 and 5ϫ10 17 cm
Ϫ3
͒ and Ge concentrations similar to those of the SiGeB ones have also been grown ͑layers 43-53͒.
Raman scattering measurements were performed using a Jobin-Yvon T64000 spectrometer. Measurements were made in backscattering geometry, being the excitation and light collection made through an Olympus metallographic microscope. The excitation of the samples was performed with the 457.9 and 488 nm lines from an Ar ϩ laser. For these wavelengths, the penetration depth of scattered light in Si is estimated to be about 0.3 and 0.6 m, respectively. According to this, the scattering volume is essentially located in the SiGeB layer. Moreover, the light spot on the sample is of about 0.6 m. The excitation power has been kept below 500 W, which corresponds to power densities below 0.2 MW/cm 2 . For these powers, no thermal effects were observed in the Raman spectra.
For all the samples the spectra have been compared with those measured in the same conditions on a single-crystal unprocessed Si sample ͑reference͒. The spectral resolution was 0.15 cm
Ϫ1
. When possible, the spectra have been fitted with a Lorentzian curve, which has allowed us to determine the peak position with an uncertainty of about 0.1 cm
. For boron concentrations above 10 19 cm
Ϫ3
, the spectra do not present a Lorentzian shape, due to the Fano interaction. In this case, the spectra have been fitted according to the Fano interaction model. 
III. EXPERIMENTAL RESULTS

A. SiGe layers with low boron concentration
For the samples with the lowest boron concentrations ͑5ϫ10 16 and 5ϫ10 17 cm
Ϫ3
͒ the first-order Si Raman line has a Lorentzian shape, similar to the reference one. This can be seen in Fig. 2 , where the spectrum from sample 49 is plotted, together with its fitting with a Lorentzian peak. For all these samples the peak appears at lower wave number than the reference one.
In Fig. 3 is plotted the shift of the Raman line ͑in relation to the reference one͒ as a function of the Ge concentration. This shift increases linearly with the Ge content, and does not depend on the B content or the excitation wavelength. The similarity between the spectra from the different wavelengths points out the homogeneity of the SiGe layers.
Different authors have reported the analysis of SiGe layers on Si as a function of the Ge concentration. [12] [13] [14] [15] [16] [17] According to them, the position of the Raman Si line depends on
where ⑀ is the lattice mismatch strain between the Si 1Ϫx Ge x layer and the Si substrate. For a relaxed ͑stress free͒ Si 1Ϫx Ge x layer, the shift of the peak toward lower wave numbers is given by the first term in Eq. ͑1͒. This term represents the dependence of the vibrational mode on the composition of the layer. For a pseudomorphic ͑fully stressed͒ layer, the shift of the peak toward lower wave numbers decreases, due to the compressive stress in the layer. This dependence is given by the strain term in Eq. ͑1͒. In Fig. 3 are also plotted the Raman shifts expected for a fully stressed and a fully relaxed layer, according to Eq. ͑1͒. For a partially relaxed layer, the shift of the Raman line is between those corresponding to the fully stressed and fully relaxed ones ͓lines ͑a͒ and ͑b͒ in the figure͔. As is shown, the experimental data are close to those predicted for a fully stressed layer. This indicates that the grown layers are fully stressed.
In principle, stress in these layers will be larger than that in the layers with higher boron content, as boron will compensate the stress induced by the germanium atoms. Accordingly, the highest stress has been measured in samples 47 and 53, being about 2.3ϫ10 9 dyn/cm 2 . The fact that the layers with the highest stress from Table I are fully stressed strongly suggests all the other layers from this table to be fully stressed, as all of them have very similar thicknesses. This agrees with the linear relationship found between stress and composition, according to Fig. 1 .
B. SiGeB layers 1. Fano interaction
As already indicated, the first-order Si Raman line depends on the concentration of boron, for concentrations pу10 19 cm Ϫ3 . [9] [10] [11] This is due to the existence of a continuum of electronic excitations produced by intervalenceband transitions whose energy overlaps with that of the phonon. This leads to a Fano-like interaction, which modifies the position and shape of the Raman line. In this case, the intensity of the line is given by
and
In these equations, q is the asymmetry parameter, p is the Raman phonon frequency in the absence of the Fano interaction, and ␦ F and ⌫ are the shift-and width-related parameters, respectively. All the parameters strongly depend on the concentration of holes, which is given by the boron content. In addition to them, Cerdeira and co-workers 9 defined a fifth parameter , which does not depend on the carrier concentration. This is given by
Moreover, these parameters show different behaviors in relation to the excitation wavelength: both ⌫ and ␦ F do not depend on the excitation wavelength, while q and do change with the excitation wavelength. This behavior has been interpreted theoretically in terms of the detailed valence-band structure of Si and the resonant characteristics of the vibronic and electronic Raman scattering. 
Fitting of experimental spectra
The experimental spectra measured in the layers with boron content higher than 10 19 cm Ϫ3 have been fitted with expression ͑2͒, according to the Fano interaction. In Fig. 4 is shown the spectrum measured from sample 07, together with its fitting. From the fitting of these spectra, the values of the different Fano parameters have been determined as a function of the B and Ge content, as well as of the excitation wavelength.
These values are plotted in Figs. 5͑a͒ and 5͑b͒, as a function of the boron concentration. As is shown in these figures, the parameters q and ⌫ obtained from spectra measured at the same excitation wavelength in samples with the same B content and different Ge content are very similar, being in almost all the cases changes in these parameters below 6% of their value. This uncertainty is similar to the one reported in previous works, 9 and indicates that, in the range of Ge content of these layers, the Fano interaction is not affected by the stress in the layers. This is in agreement with the results of Cerdeira and co-workers, 9 which observed low changes of the Fano parameters for uniaxial stresses below 2ϫ10 9 dyn/cm 2 . In Figs. 5͑a͒ and 5͑b͒ are plotted the parameters obtained from the spectra measured in the different samples, using excitation wavelengths of 457.9 and 488 nm. As is shown, very similar values of ⌫ are obtained at both excitation wavelengths. In addition, the value of does not change for the different boron concentrations, depending only on the excitation wavelength. The values obtained are ϭ8.4Ϯ0.3 cm Ϫ3/5 and ϭ7.3Ϯ0.2 cm Ϫ3/5 for the used excitation wavelengths of 457.9 and 488 nm, respectively. The agreement of these results with the theoretical analysis and previous data already reported 9 gives support to the performed fittings. The average values of the different parameters plotted in Figs. 5͑a͒ and 5͑b͒ are indicated in Table II . This table summarizes the results obtained on the dependence of the q and ⌫ parameters on the boron content. According to the dispersion of the obtained values, their uncertainty is below 10%.
In Fig. 6 are plotted the values of ⌬ F ϭ F Ϫ 0 ͓where 0 is the frequency of the Raman line from the reference, not processed, Si sample and F is defined in expression ͑4͔͒ versus the boron content, for the different Ge contents. As is shown, the shift ⌬ F depends linearly on both the Ge and B contents. The linear regression analysis of these data gives the relationship
where x and y are the Ge and B atomic fractions, respectively. In this figure are also plotted the Raman shifts given by this expression ͑dashed lines͒. The difference between the experimental values and those from expression ͑6͒ is below the uncertainty of these measurements ͑of about 0.2 cm Ϫ1 ͒.
IV. DISCUSSION
According to Eq. ͑4͒, the Raman shift ⌬ F can be expressed as
where ⌬ p is the difference between the frequency of the Raman line in the absence of the Fano interaction p and the frequency of the Raman line from the reference Si sample 0 . In principle, and in agreement with the behavior reported from SiGe and SiGeC layers, 17 ⌬ p is expected to depend linearly on the Ge and B contents and on the strain in the layer. According to expression ͑1͒, the Raman shift can be approximated by
and, therefore,
where the second and third terms from Eq. ͑9͒ correspond to the compositional dependence of the mode without strain, and ⑀ is the strain in the layer. In this expression we have assumed that the coefficient of the strain term in the Raman shift remains unchanged upon B addition. This assumption is reasonable, as this coefficient does not depend on the Ge content for Si 1Ϫx Ge x layers. 17 On the other hand, for a SiGeB strained layer the strain is given by both the Ge and B atomic fractions. Assuming a biaxial stress in the layer determined by the lattice mismatched strain in the SiGeB/Si heterostructure, 8 and the elastic constants of Si, the linear relationship found between the stress and the chemical composition ͑shown in Fig. 1͒ gives the following dependency of the strain ⑀ on the Ge and B contents,
⑀ϭϪ0.038xϩ0.200y. ͑10͒
Taking into account this expression, Eq. ͑9͒ becomes
We have to remark the good agreement between the third term in this expression and the second term in expression ͑6͒ ͑better than 2%͒, which was obtained from the linear fitting of the experimental data. According to this, the dependence of the Raman shift on the Ge atomic fraction x is not affected by the presence of the boron atoms. The experimental data plotted in Fig. 6 also show a linear dependence of the Raman shift on the B atomic fraction y. This is the behavior to be expected for the boron-related composition and strain terms in ⌬ p . Moreover, in the range of values of boron concentration in the studied samples, the data reported by previous authors also suggest a linear dependence of the Fano-induced shift ␦ F on the boron content; 9 however, the origin of the offset of Ϫ0.6 cm Ϫ1 in expression ͑6͒ is not clear. The fitting of the experimental data from Fig. 6 requires the presence of this term. This could be related to the fact that ␦ F is not completely proportional to the boron atomic fraction y, and it can be approximated by a linear dependence only in a certain range of values of y. Anyway, further analysis is required to clarify the origin of this term, which could also be related to deviations from the linear behavior of the dependence of the mode on the boron composition. Nevertheless, the experimental results reported in this work on wafer bow and Raman scattering measurements provide a way to estimate the stress and chemical composition of the SiGeB strained layers from the Raman data, in the range of compositions studied. So, the fitting of the Raman spectra according to the Fano interaction model gives the values of the q and ⌫ parameters. The comparison of these values with those shown in Table II allows us to estimate the boron concentration. Then, from expression ͑6͒ the Ge content can be determined. Finally, once both B and Ge contents are known, stress in the layer can be determined, according to the linear behavior shown in Fig. 1 . 
V. CONCLUSIONS
In summary, the analysis by Raman spectroscopy of Si 1Ϫ(xϩy) Ge x B y strained layers on Si has been performed. The previous analysis of SiGe layers with low boron concentration corroborates the absence of stress relaxation in these layers. The fitting of the first-order Si-Si Raman line has allowed us to obtain the values of the Fano parameters q, ⌫, , and F for boron concentrations in the range between 5ϫ10
19 and 2ϫ10 20 cm
Ϫ3
. The parameters q, ⌫, and have been found to be independent of the stress in the layer, depending only on the boron concentration and/or excitation wavelength. The Raman shift ⌬ F has been found to depend linearly on both the Ge and B contents. Moreover, the dependence of the Raman shift on the Ge content and strain is not affected by the presence of the B atoms. These results indicate the ability of Raman spectroscopy for the independent stress and composition assessment of SiGeB strained layers in the range of compositions studied. For a given SiGeB layer, the comparison of the Fano-related parameters with those reported in Table II allows the boron concentration to be estimated. Once this is known, the germanium concentration can be determined from expression ͑6͒. The knowledge of both magnitudes ͑germanium and boron content͒ allows us to determine the stress in the layer, according to the linear behavior shown in Fig. 1 .
